Late Quaternary soils in southern New Mexico support previous work that suggested pedogenic gypsum accumulates in successive stages as a function of time, similar to pedogenic carbonate. However, gypsum also occurs as small (0·5}1 mm), powdery spheres that we term snowball morphology. The snowball morphology represents one of the initial stages of pedogenic gypsum development. Scanning electron microscope analyses indicate that soil microorganisms and organic material may play a crucial role in the development of this morphology. However, no trends were found in the crystal habits of gypsum suggesting the snowball morphology forms in a dynamic environment.
Introduction
The accumulation of gypsum in soils is common in arid and semi-arid regions throughout the world. There are approximately 200 million hectares of gypsiferous soil covering the earth's surface (Nettleton, 1991) . Soils containing gypsic horizons can form in various parent materials such as alluvium, eolian sediments and weathered geologic formations (Taimeh, 1992) . These horizons can be composed of pedogenic as well as detrital gypsum. However, the formation of pedogenic gypsum is not thoroughly understood. The source of the sulfate ion and the semi-soluble nature (&2·6 g/l\ 1 at 253C) of gypsum are the dominant controlling mechanisms for its formation and behavior in soils. Four potential origins for gypsum accumulation in soils have been established: (1) in-situ weathering of existing parent material (Carter & Inskeep, 1988) ; (2) an oceanic source resulting in sulfate enriched precipitation (Podwojewski & Arnold, 1994) , (3) eolian or fluvial input of gypsum or SO 4 rich sediment (Taimeh, 1992; Van Hoesen & Buck, 1999; Van Hoesen, 2000) , and (4) in-situ oxidation of sulfide minerals (Podwojewski & Arnold, 1994; Mermut & Arshad, 1987; Toulkeridis et al., 1998) . In addition, it is likely there are other origins for pedogenic gypsum that have not been recognized.
Accumulations of gypsum in soil can affect all physical and chemical characteristics and can have adverse effects for both agricultural and engineering uses. Currently, a thorough understanding of the genesis of gypsum accumulation in soils has not been established. However, the solubilities of gypsum and calcite are related because of the common ion effect Reheis, 1987) . Therefore, parameters such as pCO2, availability of Ca> 2 , temperature, pH, soil microorganisms, and vegetation can all effect and can be affected by gypsum dynamics within the soil system. Because of these reasons, more research is needed to understand the chemical and physical processes of gypsum formation within soils. Physically, the morphology of gypsum in soils can be very similar to calcium carbonate: including thin filaments, nodules, and massive plugged horizons (Reheis, 1987 , Van Hoesen & Buck, 1999 Van Hoesen, 2000) (equivalent pedogenic carbonate morphology of stages I, II, and III) (Gile et al., 1966) . In this study, we describe a new morphology of pedogenic gypsum that we term 'snowball morphology'. In addition, we use SEM analysis to better understand the crystal micromorphology of pedogenic gypsum forming this snowball morphology. Our results indicate the snowball morphology may be the initial or at least one of the earliest morphologies to form in a soil as gypsum accumulates, and therefore should be included as a subsection of stage I morphology. Finally, we also find that pedogenic gypsum precipitates in a wide variety of crystal habits within the snowball morphology and that the presence of organic matter may help initiate the formation of this morphology.
Pedogenic Gypsum Crystal Morphology
Pedogenic gypsum commonly occurs as individual silt-and-sand sized euhedral to subhedral crystals. The shape, size, and position of these crystals within the soil matrix can help to differentiate whether they are pedogenic. In southern Oklahoma, Carter & Inskeep (1988) separated pedogenic and diagenic gypsum crystals by their position and crystal morphology. Pedogenic gypsum crystals were dominantly euhedral, spindle shaped, displaced the soil matrix and occurred in partially filled voids. Diagenetic gypsum was characterized by subhedral to anhedral crystals that completely filled voids (Carter & Inskeep, 1988) .
Pedogenic gypsum in soils exhibit a variety of crystal forms that may represent different environments of formation: lenticular disks, tabular pseudo-hexagonal, tabular hexagonal, microcrystalline, prismatic, lath and fibrous (Amit & Yaalon, 1996; Jafarzadeh & Burnham, 1992) . It has been suggested this diversity of crystal morphology results from changing micro-environmental conditions in soils through time (Amit & Yaalon, 1996; Eswaran & Zi-Tong, 1991) . These crystal habits are controlled by a variety of localized conditions. Factors such as alkalinity of the solution, pH, temperature, salinity and abundance of organic material affect the rate of crystal nucleation and therefore the ultimate crystal habit. Lenticular crystals have been shown to form more readily in the presence of organic material and other impurities such as sodium chloride (Cody, 1979) . However, the amount of organic material necessary to produce the lenticular crystal morphology is unknown because lenticular crystals have been described in soils with low organic matter content ( Jafarzadeh & Burnham, 1992) . Tabular pseudo-hexagonal crystals are associated with acid sulfate soils and are thought to precipitate from a rapidly supersaturated solution followed by evaporation (Jafarzadeh & Burnham, 1992; Tsarevsky et al., 1984) . Tabular euhedral crystals have been found in soils with fluctuating water tables (Eswaran & Zi-Tong, 1991) . Prismatic crystals are commonly found precipitating in acidic soils with a pH between 4 and 6, and have also been found at the base of a fluctuating water table (Jafarzadeh & Burnham, 1992; Pankova & Yamnova, 1987) . Fibrous gypsum has been explained as precipitating under strain but have also been attributed to displacive crystallization (Jafarzadeh & Burnham, 1992) .
The broad distribution of crystal habits throughout a variety of soil types and soil conditions suggests different habits may form under specific conditions but are not limited to one specific environment. It is likely that attributing each crystal habit to a specific soil environment or texture is impossible. However, understanding the varying factors controlling their development, such as organic material, will aid in understanding the overall soil genesis of pedogenic gypsum.
Geomorphic Setting
The Jornada and Tularosa basins located in southern New Mexico are separated by the San Andres and Organ Mountains. They are north trending grabens formed during the Neogene as a result of extension caused by the inception of the Rio Grande rift (Blair et al., 1990; Seager & Morgan, 1979) . Approximate elevation of the basins average 1400 m. The basins are characterized by an arid climate, with average daily temperatures between 133 and 343C and average annual precipitation of 24 cm. The source of this precipitation varies between seasons: from the west originating in the Pacific Ocean during the winter months, and from the southeast in the Gulf of Mexico during the summer monsoon season (Blair et al., 1990) . The soils in these and surrounding basins are formed primarily in late Quaternary eolian sediments where alternating cycles of erosion, sedimentation, and landscape stability with soil development have resulted in a series of buried soils (Monger et al., 1998; . All soils in this region contain varying amounts of pedogenic calcium carbonate; carbonate content increases as the age of the soil increases. Excluding soils found in playa environments, soils within the basin floors have coarse sand to sandy loam texture with very minor amounts of clay. The six soil profiles in this study are formed in these sandy alluvial and eolian sediments. Four profiles are located in the Jornada Basin: Dead Cow Grama, Point of Rocks, Barbee and Big Apache Gap. Two profiles are in the Tularosa Basin: Three Rivers and Death March Canyon (Fig. 1 ). All six soil profiles are well drained and show no morphological evidence for past water table fluctuations that could dissolve, mobilize, and re-precipitate the pedogenic gypsum and or calcium carbonate contained in these soils.
Overall, the source for the sulfate in these soils is primarily eolian with minor inputs from in-situ weathering of parent material or fluvial run-on in areas near alluvial fans. The gypsum originates from Paleozoic marine sedimentary strata that outcrop in both the Caballo and San Andres Mountains bordering these basins (Fig. 1) . In particular, the Yeso Formation (Permian) contains large-scale gypsum beds (Mack & Suguio, 1991) , that are well exposed along the eastern flanks of the Caballo Mountains near two of our study sites (Barbee and Big Apache Gap profiles) in the Jornada Basin. Thus, the soil profiles Barbee and Big Apache Gap, have sources for gypsum including fluvial run-on, eolian sedimentation and possible minor inputs of gypsiferous parent alluvium derived from erosion of these Paleozoic sources. The remaining soil profiles in the Jornada Basin, Point of Rocks and Dead Cow Grama, contain gypsum because they are located downwind of a late Pleistocene playa.
The source of gypsum in both the Tularosa profiles, Three Rivers and Death March Canyon, is eolian gypsum sand from the White Sands National Monument. The large-scale Quaternary gypsum sand dunes located in the Tularosa basin provide a rich source of sulfate to soils downwind via eolian input. White Sands National Monument is located in the southern portion of the basin and the predominant wind direction in the area is southwest to northeast, providing a prominent source for eolian input of gypsum silt/sand to the Three Rivers and Death March Canyon areas. The source of the gypsum for the White Sands dunes are large selenite crystals precipitating out of playa Lake Lucero, that when dry, are broken into sand sized grains, and blown across the basin. The Yeso Formation and other Paleozoic marine strata are the original source for the gypsum that accumulates in Lake Lucero (Clemons, 1996) .
Methodology
Six soil profiles exposed in dry arroyo cuts within the Jornada and Tularosa basins were selected for analysis based on the presence of modern and buried soils containing visible gypsum. Approximately 6}18 cm of soil was removed from the surface of the soil profiles, exposing a fresh soil surface to prevent sample contamination. The color, genetic horizons, horizon boundaries, soil structures and crystal morphologies of each horizon in each profile were described using the methodology outlined in the 'Fieldbook for Describing and Sampling Soils' (Schoeneberger et al., 1998) and soil color was defined using a Munsell Soil Color Chart.
Preparation of 35 small soil samples for scanning electron microscopy (SEM) and energy dispersive X-ray analysis (EDS), involved pre-heating the selected samples below 403C (to prevent dehydration of gypsum) for 48 h to facilitate sample sputtering. Samples were then sized appropriately to fit in the SEM, attached to a brass cylinder with carbon-coated tape, and sputtered for 30 s with a gold/palladium coating using a Model 3 Pelco Sputter Coater. Scanning electron microscope and EDS analyses were performed on a JEOL 5600 SEM and an Oxford ISIS EDS system to determine if the gypsum was pedogenic and to characterize the micromorphology of gypsum in these soils. EDS analysis was used to detect the co-existence of sulfur, oxygen, and calcium to distinguish gypsum from other soil constituents (Figs 2}4) .
Particle size analysis was performed on each horizon in the six sampled soil profiles using the hydrometer method described by Gee & Bauder, (1986) . The pH of each horizon was determined following the guidelines in the Soil Survey Laboratory Methods Manual (1996). 
Results

Snowball morphology
Descriptions of the six soil profiles are shown in Figs 5}10 . In all six profiles, pedogenic gypsum occurred as small (0·5}1 mm) white powdery spheres that we describe as the 'gypsum snowball morphology' (Fig. 11(a) ). This morphology is found in every profile independent of soil texture, soil pH, and genetic horizons. Snowballs occur in soils with silt, silt loam, sandy loam and sand textures (Fig. 12) . In addition, they are present in a variety of genetic horizons including A, B and C horizons. Snowballs occur primarily with stage I gypsum filaments: 93% of the horizons containing snowballs also contain stage I gypsum filaments, and only 4% of the horizons contain snowballs with no other gypsum morphology. The presence of snowballs decreases dramatically with increasing stages of gypsum morphology: 15% of horizons contain snowballs with stage II gypsum nodules, and 0% of the horizons contain snowballs with stage III gypsum. However, the snowball morphology can continue to remain prominent even in the presence of filaments or nodules of gypsum. The snowball morphology becomes engulfed upon the development of a stage III gypsum horizon as the gypsum fills all the pore spaces and cements the soil matrix into a massive horizon of pedogenic gypsum. Under a stereomicroscope the surface of the snowball is granular to sugary in appearance and crystals show no preferential orientation (Fig. 11(b) ).
Pedogenic Gypsum Micromorphology
In this study SEM analysis of soil gypsum crystals from 35 small soil samples indicate a pedogenic origin with no evidence of recrystallization or evidence of detrital transport. The gypsum crystals are euhedral to sub-hedral indicating they grew in-situ and haven't undergone transportation or relocation. They are randomly oriented throughout the soil profile and displace the soil matrix, again indicating a pedogenic origin. They do not exhibit any re-crystallization 'rings' associated with re-hydration of anhydrite or simple re-crystallization from alternating wetting and drying events. There was no evidence of corrosion or comb-shaped edges at the crystal soil boundary that would suggest dissolution, nor were there any solution pits on the surface of the crystal or comb-shaped edge forms again attributed to dissolution (Jafarzadeh & Burnham, 1992; Tsarevsky et al., 1984) . None of these characteristics were observed in the soil profiles studied.
The snowballs are composed of numerous small, euhedral gypsum crystals of differing habits including tabular, pseudo-hexagonal, hexagonal and lath (Fig. 2(a) and (b)). The snowball morphology in this study is commonly associated with the microorganism actinomycetes (Fig. 2(c) ). Actinomycetes, occur as fibrous filaments clinging to the surface of some gypsum crystals, are often attached to the surrounding sand grains and other gypsum crystals (Fig. 2(e) ). Of the individual snowballs investigated, 100% contained significant amounts of organic material and actinomycetes were present in 63% of the samples. In contrast, none of the the stage I filaments or stage II nodules contained organic material or actinomycetes.
Lenticular crystals
Lenticular gypsum crystals are lozenge, half moon shaped in cross-section (Fig. 3(a) } (c)) and resemble a convex lens. They are spar sized, (ranging from 20 to 200 m), disk shaped crystals within the snowball morphology, with a strong development of the (111) crystal face and sometimes (1 03) crystal face (Jafarzadeh & Burnham, 1992) . They also precipitate as 0·5}1-mm sized individual crystals in the soil matrix unrelated to the snowball morphology. 
Tabular pseudo-hexagonal crystals
Tabular pseudo-hexagonal gypsum crystals are microspar-sized, (ranging from 4 to 8 m), six-sided crystals where one edge of the hexagon is longer than the other edge ( Fig. 3(e) ). They occur in clusters of crystals and were exclusively found in the snowball morphology. This crystal habit is found associated with small amounts of clay skins, and the microorganism actinomycetes. This microorganism forms a thin fibrous coating on surfaces of the crystals.
Tabular hexagonal crystals
Tabular hexagonal gypsum crystals are microspar-sized, (ranging from 10 to 20 m) hexagonal crystals (Fig. 4(a, b) ). This habit is common in the soil matrix of the Barbee profile and is associated with well-developed disk-shaped lenticular crystals. However, it also was found in the snowball morphology.
Pseudo-hexagonal tabular lath crystals
Pseudo-hexagonal tabular lath gypsum crystals are found as micrite to microsparsize, (ranging from 2 to 10 m), six-sided lath shaped crystals elongated to (101) and (111) where one axis of the hexagon is longer than the other (Fig. 4(d}e) ). They were found associated with the microorganism actinomycetes within the snowball morphology. This habit was exclusive to the snowball morphology in the Barbee and Dead Cow Grama Profiles.
Implications /Discussion
Significance of Snowball Morphology
Pedogenic gypsum has been reported to occur as (1) individual crystals within pores in the soil matrix, (2) thin (0·5}1-mm) filaments in fine grained soils or thin discontinuous coatings on lower surfaces of stones in coarse-grained soils; (3) 2}5-cm diameter nodules in fine grained soils or abundant pendants under stones in coarse-grained soils, and (4) massive plugged horizons (Nettleton et al., 1982; Reheis, 1987; Carter & Inskeep, 1988; Eswaran & Zi-Tong, 1991; Harden et al., 1991; Herrero et al., 1992; Stoops & Poch, 1992; Taimeh, 1992; El-Sayed, 1993; Chen, 1997; Florea & Al-Joumaa, 1998; Van Hoesen & Buck, 1999; Van Hoesen, 2000) . These different morphologies of pedogenic gypsum are very similar to morphologies formed by pedogenic calcium carbonate and described by Gile et al. (1966) as stage I, II and III (Reheis, 1987) . Although small clusters of gypsum crystals have been photographed and reported in the literature (Reheis, 1987; Taimeh, 1992) , they have not been formally described, nor has their significance for the genesis of gypsum horizons been discussed.
The snowball morphology appears to be unique to gypsum, since it is not seen with pedogenic calcium carbonate or silica (Harden et al., 1991) . In addition, in this study, we find that the snowball morphology represents an initial stage of gypsum accumulation in soils. It most often occurs with stage I gypsum filaments (93%), and decreases with increasing stages of gypsum morphology (15% with stage II, and 0% with stage III). Because the snowball morphology was rarely found alone (4%), and because it is almost always associated with stage I filaments of gypsum, we suggest that it be included as a subset of the stage I morphology. The stages of development in pedogenic calcium carbonate have long been used as an indicator for the degree of soil development (Gile et al., 1966 (Gile et al., , 1981 . The potential exists to use gypsum in a similar manner. However, great care must be exercised because gypsum accumulation in soil is controlled by the amount of sulfate ion input and other chemical interactions that may change through time. In this study, because the flux of eolian gypsic dust probably has varied greatly throughout the Quaternary as a result of climatic changes, it would be very difficult to use gypsum morphology alone to indicate the degree of soil development. We suggest that other soil properties, in addition to gypsum morphology, be used to estimate relative ages of soils and their related geomorphic surfaces.
The snowball morphology appears to be genetically linked to the presence of organic material in the soil. Scanning electron microscope analysis indicates plant matter and actinomycetes commonly present with the snowball morphology (63%), however neither were present with stage II nodules of gypsum (0%). Plant matter and actinomycetes appear to be a part of the matrix supporting the snowball. Gypsum crystals are also observed precipitating on the tip of a root hair (Fig. 2) . There may be three or more reasons why gypsum in the snowball morphology is closely associated with organic matter: (1) pedogenic gypsum may be the last mineral (in soils without soluble salts) to precipitate out of solution and in arid environments biological organisms will also be attracted to areas in the soil with the last remaining water; (2) once gypsum has accumulated at a site to form the snowball morphology, the hygroscopic nature of gypsum may attract microorganisms as a potential source of water (Reheis, 1987) , and (3) the microorganisms may create a micro-reducing environment that is conducive to gypsum precipitation. There may be additional reasons for pedogenic gypsum accumulation in areas with greater concentrations of organic matter and/or microorganisms. However, another important implication from this association is that the formation of the snowball morphology in particular may rely on the presence and incorporation of organic matter and/or microorganisms such as actinomycetes. These microorganisms may provide a foundation where gypsum can precipitate or actinomycetes may help support the framework of the snowball morphology by attaching themselves to gypsum crystals and surrounding sand grains. Thus, the very formation of the snowball morphology of pedogenic gypsum may be at least partially dependent upon microorganisms. Eventual degradation of organic matter in later stages of pedogenic gypsum formation may explain why no organic matter was observed with stage I filaments and stage II nodules of gypsum.
The wide range of crystal habits for pedogenic gypsum observed in the same soil horizons indicate that they may have formed under slightly different environmental conditions. Previous research has indicated the crystal habit of pedogenic gypsum can be linked to the presence of organic material and soil impurities and the degree of soil solution supersaturation with respect to gypsum (Cody, 1979; Jafarzadeh & Burnham, 1992 ). Therefore, the wide variety in crystal habits for pedogenic gypsum found within the snowball morphology indicates a dynamic environment subject to frequently changing environmental conditions. Precipitation of gypsum in confined pore spaces with a fixed source of water will affect the concentration of gypsum in the soil water. Those crystals that precipitate first will do so from a solution enriched in gypsum and the concentration will continue to decrease as subsequent crystals form. Other processes that could affect the soil environmental conditions and thus the crystal morphologies may include rates of growth or types of microorganisms. Physical parameters such as soil water, pH, pCO2, and salinity of the soil water could all be affected by their biological processes. However, this study finds no relationship between the crystal habits of pedogenic gypsum and the macro-morphology of gypsum in soil profiles. Thus, this data further substantiates that the soil is a dynamic environment and the precipitation of gypsum occurs under frequently changing micro-conditions.
Conclusions
In this study we describe and propose a name for a new morphology of pedogenic gypsum: the snowball morphology. Pedogenic gypsum can accumulate in soils similar to pedogenic carbonates: stage I filaments, stage II nodules, and stage III massive, indurated, horizons (Gile et al., 1966; Reheis, 1987) . However, pedogenic gypsum also commonly occurs as small (0·5}1 mm), white, powdery spheres composed of numerous euhedral gypsum crystals, that we term the snowball morphology. This morphology is unique to gypsum as it has not been described for pedogenic carbonate or silica (Harden et al., 1991) . This morphology represents an initial accumulation of pedogenic gypsum in soils, and thus should be included within the stage I terminology. When combined with other soil development indicators, the snowball morphology may be used to determine relative ages of soils and related geomorphic surfaces. This morphology is also more commonly associated with organic matter and microorganisms, such as actinomycetes, than compared with other morphologies. Scanning electron microscope analyses of the snowball morphology, stage I filaments, and stage II nodules of pedogenic gypsum indicate the crystal habits of pedogenic gypsum are highly variable. This indicates a dynamic soil environment where gypsum precipitates under frequently changing micro-conditions.
